INTRODUCTION
Grains contain large amount of P that is bound to phytate, which is poorly digested by swine. The poor digestion of phytate by swine is due largely to the limited production of endogenous intestinal phytase, an enzyme that can releases P from phytate (Adeola and Cowieson, 2011) . Therefore, the supplementation of inorganic P in swine diet is necessary to meet P requirement. Excessive P in diets will increase the P output, which may potentially cause environmental problems (Jongbloed and Kemme, 1990) . To ameliorate the potential environmental issues, exogenous phytase addition in swine feed is common (Selle and Ravindran, 2008; Akinmusire and Adeola, 2009) .
When grains are used to produce ethanol, part of the P will be released from phytate during the fermentation process. Corn contains approximately 2.6 g/kg P but about 80% of P is bound to phytate (2.1 g/kg). However, the portion of phytate P in total P is about 36% (2.6/7.3; NRC, 2012) in corn distillers' dried grains with solubles (DDGS), a byproduct of biofuel industry. Although DDGS shows a higher digestibility than grain (Pedersen et al., 2007) , there is still a portion of P that cannot be utilized by pigs. Therefore, phytase supplement may improve the digestibility of P in DDGS.
The digestibility of nutrients in DDGS varies if the DDGS are fermented from different grains (Stein et al., 2006; Urriola et al., 2009; Xue et al., Phosphorus digestibility response of growing pigs to phytase supplementation of triticale distillers' dried grains with solubles 1
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MATeRIALS AND MeTHODS
The experiment protocol was approved by the Purdue University Animal Care and Use Committee.
Animals and Sample Collection
A total of 48 Hampshire × Duroc × Yorkshire × Landrace barrows (initial BW 22.2 ± 1.3 kg) were used in current experiment and housed individually in stainless steel metabolism crates (0.83 by 0.71 m) equipped with a trough and nipple drinker. Randomized complete block design was applied in this study. The barrows were blocked by BW and randomly assigned to 1 of the 6 dietary treatments. The room temperature was kept at 22°C. The procedure of sample collection was the same as previously described by Zhai and Adeola (2012) . There was a 5-d adjustment period followed by a 5-d total collection period with chromic oxide as a collection marker. Daily feed allowance was adjusted to approximately 3.5% of BW of the individual pig to ensure feed was completely consumed (Moter and Stein, 2004) . Pigs were fed at 0700 and 1700 h during the experiment with 2 equal meals and water supplied at 3-folds of the daily feed allowance through nipple drinkers.
Dietary Treatments
The chemical composition of triticale DDGS that was used in this study is showed in Table 1 . To determine the true total-tract digestibility (TTTD) of P in triticale DDGS using the regression method and response to phytase, 6 diets (Table 2) were formulated in a 3 × 2 factorial arrangement, including 3 levels of triticale DDGS (300, 400, and 500 g/kg) and without or with phytase (500 FTU/kg of diet). All the P was supplied by triticale DDGS. Limestone was included to maintain a total Ca:P ratio of 1.25:1 across diets.
Chemical Analyses
All diets and fecal samples were dried in a forced-air oven at 55°C to constant weight and then ground (Retsch ZM 100; Retsch GmbH and Co., K.G., Haan, Germany) to pass through a 0.5-mm screen before analysis. Dry matter of samples was determined by drying in a force-aired oven (Precision Scientific Co., Chicago, IL) at 105°C for 24 h (method 934.01; AOAC, 2006). Diet and fecal samples were wet digested in nitric acid and 70% perchloric acid before P determination (Fenton and Fenton,1979; AOAC, 2000) . Fiske-Subbarow reducer solution and acid molybdate were added to digested samples to develop a blue color followed by measuring absorption using a spectrophotometer at 620 nm (Spectronic 21D; Milton Roy Co., Rochester, NY). Concentration of Ca was measured using flame atomic absorption spectrometry (Varian FS240 AA; Varian Inc., Palo Alto, CA). Nitrogen content in the diets and ingredients was measured by the combustion method (model FP2000; LECO Corp., St. Joseph, MI; method 990.03 ; AOAC, 2000). Gross energy was determined in a bomb calorimeter (model 1261; Parr Instrument Co., Moline, IL). Analysis of phytic acid was performed by Eurofins Scientific Inc. (Des Moines, IA), using a modified method described by Ellis et al. (1977) . Neutral detergent fiber and ADF in triticale DDGS were determined in separate samples using fiber bags and fiber analyzer (Fiber Analyzer; Ankom Technology, Macedon, NY) following a modified procedure of van Soest et al. (1991) . Ether extract (ee) was determined without prior acid hydrolysis (method 934.01; AOAC, 2000).
Calculation and Statistical Analysis
The apparent total-tract digestibility (ATTD; %) of P and TTTD (%) of P were derived by equations described by Zhai and Adeola (2013) : ATTD P = 100 × (P I -P O )/P I , P D = P I -P O , P D = (C TTTD × P I ) -EPL, and TTTD P = C TTTD × 100, in which ATTD P and TTTD P are ATTD (%) of P and TTTD (%) of P, P I is the dietary P intake (g/d), P O is fecal P output (g/d), P D is digested P (g/d), C TTTD is the coefficient of TTTD P estimated by regressing P D against P I using GLM procedure of SAS 9.2 (SAS Inst. Inc., Cary, NC), and ePL is endogenous P loss (g/d).
The P intake, P output, digested P, and ATTD of P data were analyzed using the MIXED procedure of SAS 9.2. Individual pig was considered the experimental unit for all statistical analyses. Statistical significance was determined at P < 0.05. Levels of triticale DDGS (300, 400, or 500 g/kg), the phytase supplementation (0 or 500 FTU/kg), and the interaction between levels of triticale DDGS and phytase supplementation were included in the analysis model; block was considered a random effect. Contrasts were used to examine linear and quadratic effects of increasing triticale DDGS levels without or with added phytase. Analysis of covariance using proc GLM of SAS with solution option was used to estimate the slopes (estimates of TTTD of P) and intercepts (estimates of endogenous loss of P) of the 2 linear regression lines. The statistical model was P D = phytase P I (phytase × P I ), in which P D is as defined above, phytase was coded as a dummy variable (0 or 1 for without or with added phytase, respectively) and was included in the class statement, P I is as defined above and was not included in the class statement, and phytase × P I is the interaction of phytase and P I . Within this model, phytase tested the difference between the intercepts for 0 and 500 FTU/kg and phytase × P I tested the difference of between the slopes.
ReSULTS
The levels of DM, CP, GE, EE, ADF, NDF, and phytic acid are presented in Table 1 . Analyzed phytase activity were 516, 936, and 890 FTU/kg in diets formulated to contain 300, 400, and 500 g DDGS/kg with added phytase, respectively. The difference in phytase activity could be due to analytical variation. In diets without added phytase, the analyzed phytase activity was close to 0 (footnote 5 in Table 2 ). The results of analyzed values of N, GE, Ca, and P of the experimental diets were close to the calculated nutrient composition in Table 2 .
There were linear increases (P < 0.05) in P intake, total tract P output, and total tract digested P with increased triticale DDGS levels, without or with added phytase (Table 3 ). Quadratic effect (P < 0.05) was observed only in total tract digested P with increasing triticale DDGS without added phytase. In diets without added phytase, the ATTD of P in triticale DDGS were determined to be 65.0, 67.7, and 63.2% for the diets containing 300, 400, and 500 g/kg triticale DDGS, respectively; the corresponding values for diets with added phytase were 77.3, 76.3, and 75.7%. There was a 4 Supplied 300 μg of Se per kilogram of diet.
5 Added to provide 500 phytase units (FTU)/kg phytase in complete diet. The analyzed phytase activity was 516, 936, and 890 FTU/kg in diets containing 300, 400, and 500 g/kg DDGS with added phytase. In diets without added phytase, the analyzed phytase activity was 64, 73, and 17 FTU/kg in diets containing 300, 400, and 500 g/kg DDGS. main effect (P < 0.001) of phytase on improving ATTD of P in triticale DDGS. Blocks, levels of DDGS, and the interaction between phytase and levels of DDGS did not affect ATTD of P.
The regression of daily digested P against daily P intake is presented in Fig. 1 . The estimated EPL was 0.172 and 0.080 g/d for diets without or with added phytase. The intercepts of the regression for 0 and 500 FTU/kg were neither different from each other nor from 0. The TTTD of P was estimated to be 75.4 or 81.1% for triticale DDGS without or with added phytase, respectively. The slopes were not different from each other. Therefore, adding 500 FTU/kg phytase did not increase TTTD of P in triticale DDGS in the current study.
DISCUSSION

Chemical Composition of Triticale Distillers' Dried Grains with Solubles
The chemical composition of triticale DDGS used in the current study was similar to that reported in the NRC (2012) for CP and P. In previous studies, the levels of CP in triticale DDGS varied from approximately 27.8 to 36.7%. Values of EE, ADF, and NDF in triticale DDGS also varied between samples used in different studies (McKeown et al., 2010; Oba et al., 2010; Oryschak et al., 2010; Wierenga et al., 2010) . Previous studies combined with the current experiment show that the nutrient composition in triticale DDGS varies, especially in the level of CP. It has been shown that the portion of P in phytic acid is 28.2% (Selle et al., 2009 ). In the current study, the concentration of phytic acid in triticale DDGS was 8.6 g/kg (DM basis). Therefore, the content of phytate P was 2.4 g/kg (DM basis). The total P concentration was 6.9 g/kg (DM basis) in the triticale DDGS used in current study. Therefore, the portion of phytate-bound P in total P was 35.4% (2.4/6.9). The concentration of phytate-bound P and the portion of that in total P are similar to corn and wheat DDGS (Yáñez et al., 2011; Almeida and Stein, 2012; NRC, 2012) .
Apparent Total-Tract Digestibility of P in Triticale Distillers' Dried Grains with Solubles
It is widely accepted that P in DDGS is highly available, because some of the P bound to the phytate complex in grain have been hydrolyzed during the fermentation process (Pedersen et al., 2007 ). In the current study, the average ATTD of P for the 3 triticale DDGS levels without added phytase was 65%, which translates to a 35% P indigestibility. This is consistent with the proportion of phytate-bound P in the total P in the triticale DDGS at 35.4% used in the current study. There is a lack of data focusing on the availability of nutrients of triticale DDGS in diets for swine. Compared with DDGS from other sources, triticale DDGS in the current study has a similar ATTD value of P with corn DDGS ) and wheat DDGS (NRC, 2012) . With the supplementation of 500 FTU/kg phytase, the average ATTD of P in triticale DDGS increased from 65.3 to 76.4%. Therefore, the addition of phytase in diets could increase the ATTD of P in triticale DDGS. Furthermore, it is shown in Table 3 that in the 3 diets without additional phytase, the increase of digested P was in a quadratic pattern, whereas in diets contained 500 FTU/kg supplemental phytase, the pattern was just linear. This phenomenon suggested that there was a limitation of P digestion when a high level of DDGS was included in diet, and the addition of phytase ameliorated this negative effect. Actually, based on previous studies, the beneficial effect of phytase on P digestibility in DDGS is not as consistent as in grains such as corn (Xu et al., 2006; Almeida and Stein, 2010; Yáñez et al., 2011) , which could be due to the partial release of phytate-bound P in the grain during fermentation in the production of DDGS. 2 Lin = linear; Quad = quadratic.
3 Main effect of phytase on apparent total-tract digestibility of P at P < 0.001.
True Total-Tract Digestibility of P in Triticale Distillers' Dried Grains with Solubles
In the current study, the TTTD of P in triticale DDGS was estimated at 75.4 and 81.1% without or with additional phytase in the triticale DDGS, by the regression method. The application of the regression method on estimating digestibility of nutrient is well documented in previous studies (Fan and Sauer, 1997; Fan et al., 2001; Dilger and Adeola, 2006) . In this experiment, the TTTD of P in triticale DDGS without added phytase (75.4%) is higher than the value of corn and wheat DDGS (65 and 61%, respectively), summarized by the NRC (2012).
The estimated EPL in this study were 0.172 and 0.080 g/d for groups without and with added phytase, respectively, but these values are not different from 0 (Fig.  1) . Average daily feed intakes were 0.621 or 0.628 kg for pigs on diets without or with added phytase, respectively. Therefore, estimated EPL were 277 and 127 mg/kg DMI. The NRC (2012) EPL of 190 mg/kg DMI was generated from pigs fed a P-free diet. There are intrinsic differences between the regression method and P-free diet method. The distance between the lowest P concentration and 0 P intake intercept in current study is prone to large variation. These results suggested that when regression method was applied to estimate the endogenous loss of P, the levels of P in experimental diets should be considered.
Phytase addition at 500 FTU/kg numerically increased the TTTD of P in triticale DDGS from 75.4 to 81.1%, but the increase was not statistically significant. However, as indicated above, phytase supplementation at 500 FTU/kg significantly increased the ATTD of P in triticale DDGS from 65.3 to 76.4%. The inconsistent response between the ATTD and TTTD of P to phytase may be due to several possible reasons. The numerical difference in the EPL for the group without added phytase at 0.172 and 0.080 g/d for the group with added phytase implies that phytase numerically decreased EPL. Although the 2 estimates of EPL were neither significantly different from each other nor from 0, the numerical reduction in EPL partially explains the smaller difference between TTTD of P at 75.4% for no added phytase vs. 81.1% for added phytase compared with average ATTD of P at 65.3% for no added phytase vs. 76.4% for added phytase. Considering the definition of ATTD and TTTD, the change in EPL would affect the estimate of TTTD. Therefore, a numerically reduced EPL, the part that was added back to the ATTD to derive the TTTD, was also smaller in groups with added phytase. As a result, the observed difference between the TTTD of P for the groups without and with added phytase was smaller compared with that for ATTD. In current study, the added 500 FTU/kg phytase increased the ATTD of P by approximately 11 percentage points from 65.3 to 76.4%, which was statistically significant. However, the increase in TTTD of P with phytase sup- Figure 1 . Regression of digested P against P intake in different levels of triticale distillers' dried grains with solubles without or with added phytase. Total P digested (g/d) was regressed against dietary P intake (g/d) for diets without or with added phytase. The statistical model was P D = phytase P I (phytase × P I ), in which P D is digested P (g/d), phytase was coded as a dummy variable (0 or 1 for without or with added phytase, respectively) and included in the class statement, P I is dietary P intake (g/d) and was not included in the class statement, and phytase × P I is the interaction of phytase and P I . The regression intercept provides an estimate of endogenous P loss (g/d) and the slope represents true total-tract P digestibility. Regression equation for 0 (without phytase) was Y = 0.172 (SEM = 0.130) + 0.754 (SEM = 0.072) * X; estimated endogenous loss of P was 0.172 g/d and estimated true total tract digestibility of P was 75.4%. Regression equation for 1 (with phytase at 500 FTU/kg) was Y = 0.080 (SEM = 0.127) + 0.811 (SEM = 0.067) * X; estimated endogenous loss of P was 0.80 g/d and estimated true total tract digestibility of P was 81.1%. The P-values for the intercepts were 0.19 and 0.53 (compared with zero intercept) for the regression lines without and with added phytase, respectively. The P-values for the slopes were both <0.001 (compared with zero slope) for the regression lines without and with added phytase, respectively. The intercepts of the regression for 0 and 500 phytase units (FTU)/kg were neither different from each other nor from zero. The slopes were not different from each other. The overall P-value for the regression model was <0.001.
